Under electrical injection, spin accumulation occurs in lateral spin valves at the two ferromagnet/ nonmagnet interfaces, which produces a torque on the ferromagnetic electrodes, and the possibility of pure spin-current-induced magnetization reversal. Here, we generate a pure spin current in a lateral spin valve while simultaneously sweeping an external magnetic field. We observe changes to the switching properties in accordance with the effective spin torque. We also find that the spin current necessary for magnetization reversal is much lower than that required in the absence of an external field, indicative that the effective potential barrier to be overcome is lowered by the applied magnetic field. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3058621͔ A pure spin current, carrying only angular momentum, can be generated electrically in lateral spin-valve ͑LSV͒ structures. These are typically two ferromagnetic ͑FM͒ metallic electrodes deposited along a nonmagnetic ͑NM͒ nanowire, which can be a normal metal, semiconductor, or superconductor.
A pure spin current, carrying only angular momentum, can be generated electrically in lateral spin-valve ͑LSV͒ structures. These are typically two ferromagnetic ͑FM͒ metallic electrodes deposited along a nonmagnetic ͑NM͒ nanowire, which can be a normal metal, semiconductor, or superconductor. [1] [2] [3] [4] Under electrical injection and depending on the relative magnetization of the two electrodes, spin accumulation occurs in LSVs at the two FM/NM interfaces. This can induce a torque on the FM electrodes if they are noncollinear and allows pure spin-current-induced magnetization reversal. 5 Diffusion of accumulated spins from one ferromagnet, the injector, to the second detector can generate a pure spin current along the nonmagnetic wire. Spin accumulation depends on several material and growth parameters, notably the quality of the interfaces and the spin resistance. Indeed impurities at the interface will cause spin-flip scattering, which will diminish the injected spin polarization. The spin resistance is defined as R S =2 / ͑1− P 2 ͒S, where is the resistivity, is the spin diffusion length, P is the spin polarization, and S is the affected cross-sectional area. R S is a measure of the difficulty of spin mixing in a material; the larger the spin resistance is, the more difficult it will be for spin relaxation to occur.
Spin torque switching is the action of magnetization reversal under zero applied field, and only through the propagation of carrier angular momentum from one magnetic material to another. 6 If the two magnetic layers are noncollinear, then as soon as the carrier originating from FM 1 reaches the differently oriented FM 2 , then it must align itself to FM 2 . As the spin angular momentum must be conserved, the transverse component of the spin is in turn absorbed by FM 2 , thus exerting a torque. 7 Depending on the magnitude of the torque, this can lead to either magnetization reversal 8 or to oscillations of the detector magnetization. 9, 10 However, there is a crucial difference between field-induced and currentinduced magnetization reversals. In the case of the fieldinduced reversal, the applied field raises the energy of the system, so that it may transition to the other low energy state.
In the case of current-induced switching, the energy gain from the spin torque and subsequently amplified precession overcomes the damping on the precession of the magnetization. 11 In this study, we have applied an external field and a spin current simultaneously to a magnetic nanopillar, in a lateral spin-valve structure.
All measurements were taken in the nonlocal four-probe configuration ͑inset of Fig. 1͒ . The sample temperature was controlled from 10 K up to RT, and a field of up to 1.5 kOe was applied in the plane of the sample, along the easy ͑long͒ axis of the nanopillars. We applied an ac current ͑I ac = 300 A, f =79 Hz͒ between the Py injector and the Cu wire, and measured the voltage between the Py detector and Cu wire using a standard lock-in technique while stepping the magnetic field. We then additionally applied a dc current a͒ Electronic mail: laloe@riken.jp. I dc alongside the ac current but continuing to lock-in to I ac , thus measuring the differential resistance dV / dI.
For our experiments, the injector and detector were rectangular nanopillars rather than the conventionally used micron-sized wires and pads. We were able to deposit Py nanopillars ͑ϳ170ϫ 80 nm 2 ͒ on our NM Cu wire by using a mask of bilayer resist and evaporation at an oblique angle. 5 This presents several advantages. First, the shape of the shadow mask enables us to deposit the Cu wire and the Py electrodes under the same continuous vacuum. This greatly limits the presence of any unwanted impurities or oxides at the interfaces between the Cu nanowire and the Py pillars. Second, the reduced lateral dimensions of the nanopillars ͑as compared to nanowires͒ infer a reduced spin resistance due to the smaller cross-sectional area S.
12 Finally, as we are able to deposit an injector and a detector of different thicknesses, we will be able to achieve very efficient injection while reducing the spin torque required to switch the nanopillar's magnetization.
We have already reported pure spin-current magnetization switching in such samples. 5, 13 We note that in order to obtain a full spin-torque hysteresis loop, it was necessary to reduce the volume of the detector. We initially perform the differential resistance measurement on a LSV in which the injector and detector were both 20 nm in thickness. The results on this sample for the case where I dc = 0 mA and a selection of dc values are shown in Fig. 1 . First, we note that for I dc ഛ 2.6 mA, the magnetoresistance ͑MR͒ measurement was only shifted vertically by the applied dc current but the switching behavior and MR amplitude were not affected. However, for I dc = 2.7 mA and above, the upward field scan shows an anomaly, in which the occurrence of the antiparallel state is entirely suppressed. We explain this in the following way. On this section of the field-dependence scan, the magnetization of both nanopillars is initially saturated in the negative direction. Although both Py electrodes are nominally identical, we observe a large difference between their switching fields, which we attribute principally to edge roughness. For this sample and measurement, the injector has the lower switching field. As soon as the injector switches due to the external field, it is saturated along its long axis and has a negligible off-axis magnetization component. Micromagnetic simulations 14 reveal that the detector, however, is in the process of magnetization switching, in the "s shape," 15 and therefore has near vertical magnetization at its edges. The spin torque, proportional to sin͑⌬͒, where ⌬ is the difference in angle between the spin accumulation and detector magnetization directions, is thus immediately maximized. This provides the required energy to switch the magnetization of the detector, thus bypassing the stabilization of the antiparallel state. The decreasing field scan, however, is not affected. We repeated this measurement for the case of a negative applied dc, which inverts the polarity of the injected spin current. Here, we find that even for large values of I dc , we observe no change in the switching behavior of the LSV. This possibility is explained by an asymmetry at the injector interface, in accordance with our previous spin torque measurements in LSVs. 13, 16 This asymmetry, however, allows us to exclude Oersted field effects from our analysis. We then perform the dV / dI measurements by sweeping the field while applying a dc current on a LSV for which the injector and detector are 20 nm and 4 nm thick, respectively. As previously mentioned, we have already observed a full spin-current hysteresis loop on such samples. The results are summarized in Fig. 2 , where we have plotted the switching field values of the Py nanopillars as a function of I dc . In this case we observe a change of the switching field of both electrodes and for both applied current directions. We see a clear threshold of current which affects the switching behavior, although this value is not perfectly symmetrical. We first consider the lower left quadrant of the figure, where we have negative values of I dc . Both electrodes switch at lowered field values. For the case of the thick injector, through which the current is running, we attribute this change to the Oersted field in the initial stages of the switching. Since the Oersted field has a circular symmetry, it promotes the development of a vortex state and thus lowers the potential barrier of the switching. 17 It is also the creation of this vortex state that causes the detector to switch at a lower magnetic field. Indeed, it provides previously inexistent perpendicular magnetization in the injector, which will amplify the excitation in the detector and aid its reversal. An increase in the temperature of the measurement from 32 to 80 K confirms this theory. In this case, we find that the dc required to alter the switching behavior of the injector is reduced by ϳ0.2 mA, as the increased thermal instability contributes to the formation of the vortex. We also observe that the detector's switching field is not affected throughout the measured range of I dc , thus indicating as expected a decrease in the propagation of the spin accumulation due to the change in the spin diffusion length and thus the spin resistance.
Finally, we compare the values of our applied current to our previously reported values for the cases where there was no applied field. 5, 13 We invariably find that the electrical current required to induce switching is decreased when a magnetic field is present. This is expected, in accordance with the spin torque counteracting the damping and the magnetic field raising the energy of the system for the switching. In summary, we have measured the nonlocal differential resistance change in Py nanopillar-based LSV samples under a simultaneous magnetic field and dc current. We have found that the pure spin current generated in the Cu wire provides spin torque to the detector and stimulates its magnetization reversal at an earlier stage than in the case where there is no magnetic field. The application of a combined current and field may lead to more accessible spintronic devices, as it lowers the required spin injection efficiency.
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